The Eco57l restriction endonuclease and methylase were purified to homogeneity from the E.coli RR1 strain carrying the eco57IRM genes on a recombinant plasmid. The molecular weight of the denaturated methylase is 63 kDa. The restriction endonuclease exists in a monomeric form with an apparent molecular weight of 104-108 kDa. R.£co57l also possesses methylase activity. The methylation activities of both enzymes modify the outer A residue in the target sequence 5'CTGAAG yielding N6-methyladenine. M.£co57l modifies both strands of the substrate while R.£co57l modifies only one. Only the methylase enzyme is stimulated by Ca 2 + . The restriction endonuclease shows an absolute requirement for Mg 2+ and is stimulated by AdoMet. ATP has no influence on either activity of the enzymes. The subunit structure and enzymatic properties of the £co57l enzymes distinguish them from all other restrictionmodification enzymes that have been described previously. Therefore, RM.£co57l may be regarded as a representative of a novel class of restrictionmodification systems, and we propose to classify it as type IV.
INTRODUCTION
Restriction-modification systems are grouped into three classes (type I, II and HI) on the basis of their subunit structure, cofactor requirements, substrate specificity and several other features (1) . Type I enzymes have three different subunits, and both the methylase and endonuclease reside in the same protein assembly. Furthermore, type I enzymes require Mg 2+ , ATP and AdoMet for activity, and cleave the substrate DNA almost at random at a great distance from the recognition site. Type I enzymes generally do not generate a characteristic banding pattern on agarose gels. Type II endonucleases are usually homodimers that coexist in bacterial cells with a separate methylase protein. The enzymes require Mg 2+ for endonuclease but not for methylase activity, and cleave within the recognition site or a few nucleotides away. Type HI endonucleases consist of two subunits, have both methyltransferase and endonuclease activity in the same protein assembly, require Mg 2+ and ATP for cleavage (AdoMet is stimulatory but not required), and cleave tens of nucleotides away from the recognition site. For mechanistic reasons, type III enzymes do not digest the substrate completely; some sites are always left uncut.
Some properties of the restriction endonuclease Eco51l (R.£co57I) isolated from Escherichia coli RFL57, as determined in preliminary experiments, indicate that the enzyme is different from the restriction endonucleases of types I-HI (2, 3). R.£co57I has an absolute requirement for Mg 2+ (as do all restriction endonucleases) and is stimulated by AdoMet. It cleaves DNA 14/16 nucleotides (in different strands) away from the recognition sequence CTGAAG(N16/N14) (2) . The cleavage of the substrate is never complete. All of the above mentioned properties make R.£co57I similar to the type EQ enzymes. However R.£co57I differs from the type HI enzymes in that it does not require ATP for its activity. It was assumed that R.£co57I is a representative of a novel type of restriction enzymes and, therefore, proposed to be classified as type IV (3) .
In this study we present data on the purification of the EcoSll restriction endonuclease and the modification methylase to apparent homogeneity and on the characterization of their physical and enzymatic properties. We found that a single polypeptide of the endonuclease possesses both DNA cleavage and methylation activities. This enzyme coexists with a separate methylase enzyme. The modification specificity for this methylase and the methylase activity of the endonuclease have also been determined.
MATERIALS AND METHODS
Phage X and pACYC177 DNAs, the /l/v44I restriction endonuclease and Exonucleasein were products of Fermentas. dCyd was synthesized following the described procedure (4) . The source of some other materials used is given in previous publications (5, 6) . Other reagents were analytical grade commercial materials.
Endonuclease and methylase assays The restriction endonuclease activity was assayed in 40 fd of the reaction buffer (10 mM Tris-HCl pH 7.8, 20 mM NaCl, 5 mM MgCl 2 , 0.02 mM AdoMet) containing 2 /*g X DNA. 2 /*1 column samples were added to the reaction mixture, incubated for 20 min at 37 °C and an aliquot from each solution was then electrophoresed in 1 % agarose. DNA bands were stained with ethidium bromide and visualized with an UV illuminator. 1 unit of the endonuclease is defined as the amount required to hydrolyze 1 fig of X DNA in 1 h at 37 °C until no change in the cleavage pattern is observed.
The modification activity was tested by the DNA protection assay where 2 jtg of lambda DNA served as a substrate in 40 /A of the reaction mixture (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM 2-mercaptoethanol, 0.1 mM AdoMet). The reaction was initiated by addition of 5-7 /tl aliquots of a sample solution and incubated for 1 h at 37°C, followed by inactivation at 65 °C for 15 min. MgCl 2 solution was then added to the reaction mixture to a final concentration of 5 mM. The substrate was challenged with an excess of R.£co57I for 1 hour and the reaction products were resolved by agarose gel electrophoresis. 1 unit of the modification activity is defined as the amount of the enzyme which in 1 h at 37 °C renders 1 /ig of lambda DNA resistant to cleavage by R.£co57I.
Cell growth and initial fractionation
Escherichia coli RRl(p£co57RM6.3) strain carrying die eco57IRM genes on a recombinant plasmid (7) was used as a source of the EcoSll restriction endonuclease and methylase. The cells were grown into late logarithmic phase in L broth containing 50 mg/1 ampicillin and 30 mg/1 chloramphenicol at 37°C with aeration, harvested by centrifugation and stored at -20°C. All further steps were carried out at 4°C. 30 g of frozen cells were thawed in 60 ml of buffer A (10 mM KP0 4 , pH 7.4, 1 mM EDTA, 7 mM 2-mercaptoethanol) and disrupted by sonication. The sonicated cells were centriftiged at 20,000 rpm/min in a Type JA20 rotor (Beckman) for 1 hour. The resulting supernatant was made 0.1 M in NaCl, and 10% Polymin P (polyethylenimine) solution then was graduaUy added up to a final concentration of 1%. The precipitate was removed by centrifugation. Soluble proteins were salted out with (NR^SC^ at 80% saturation and recovered by centrifugation. The pellet was dissolved in 40 ml of buffer A and dialysed overnight against 2 1 of the same buffer.
DEAE chromatography. The dialysate was applied to a DE52 cellulose column (1.5x25 cm) equilibrated with buffer A. The column was washed with 100 ml of buffer A and the enzymes were eluted with a 500 ml linear gradient from 0.0 M to 0.35 M NaCl in the same buffer. Fractions of 10 ml were collected and assayed for endonuclease and methylase activities. The Eco51\ endonuclease eluted between 0.07 M to 0.1 M NaCl. The peak fractions were pooled and used for further purification of the endonuclease.
Two overlapping peaks of methylase activity eluted from the column. The first of these coincided with the endonuclease peak, while the second one eluted at higher salt concentration between 0.11 M and 0.15 M NaCl. Fractions of the latter peak were pooled, dialysed against buffer A and used for purification of the modification enzyme.
Purification of the restriction endonuclease
Phosphocellulose chromatography. The endonuclease pool from the DE52-cellulose chromatography was applied onto a phosphocellulose column (1.5x14 cm) equilibrated with buffer A. The column was then washed with 50 ml of the same buffer and eluted with a 300 ml linear gradient from 0.0 M to 0.7 M NaCl. Fractions of 6.4 ml were collected and subsequently assayed for the endonuclease and modification activities. The restriction endonuclease eluted at about 0.32-0.4 M NaCl. Fractions containing the restriction endonuclease were also active in the modification assay. These fractions were pooled and dialysed against buffer A, 0.1 M NaCl (Fraction I). The contaminating Eco51\ methylase peaked at approximately 0.6 M NaCl.
Blue sepharose chromatography. Fraction I was applied to a Blue sepharose column (1 x 12 cm) equilibrated with the dialysis buffer. The column was washed with 20 ml of the same buffer, and then was eluted with a 200 ml linear gradient from 0.1 M to 0.7 M NaCl in buffer A. Fractions of 5 ml were collected. Both the endonuclease and methylase activity eluted from the column in one peak at about 0.3-0.38 M NaCl. These fractions were pooled and dialysed against buffer A, 0.1 M NaCl (Fraction II). No separate methylase activity was observed at this and die following step of restriction endonuclease isolation.
Heparinsepharose chromatography. Fraction II was applied to a heparinsepharose column (1x9 cm) equilibrated with buffer A, 0.1 M NaCl. The column was washed with 10 ml of the same buffer and subsequently developed with a 150 ml linear gradient from 0.1 M to 0.7 M NaCl in buffer A. Fractions of 3.6 ml were collected. The peak of the restriction endonuclease activity coinciding with that of the methylase eluted at 0.41-0.46 M NaCl. The peak fractions were pooled, dialysed against a buffer containing 0.01 M KPO 4 (pH 7.4), 0.1 M NaCl, 1 mM EDTA, 7 mM 2-mercaptoethanol, 50% glycerol and stored at -20°C. The enzyme preparation was found to be stable for at least 1 year.
Purification of the modification methylase
Phosphocellulose chromatography. The mediylase preparation obtained after chromatography on DE52-cellulose and subsequent dialysis was applied onto a phosphocellulose column (1 x 10 cm) equilibrated wim buffer A. The column was washed with 50 ml of the same buffer and eluted with a 300 ml linear gradient from 0.0 M to 0.7 M NaCl in buffer A. 6.5 ml fractions were collected. The main modification activity eluted at 0.56-0.62 M NaCl.
The peak fractions were pooled and dialysed against buffer A containing 0.1 M NaCl (Fraction I). The methylase activity was also found in the fractions that eluted at about 0.37 -0.4 M NaCl. These same fractions also contained the endonuclease activity.
Blue sepharose chromatography. Fraction I was applied onto a column (1X14 cm) of Blue sepharose equilibrated with buffer A, 0.1 M NaCl. The column was washed with 20 ml of the same buffer and eluted with a 200 ml linear gradient from 0.1 M to 1 M NaCl in buffer A. 4 ml fractions were collected. The methylase activity was found in fractions eluted at approximately 0.73-0.82 M NaCl. No restriction endonuclease activity was observed in the eluate obtained during this step of the methylase purification. Peak methylase fractions were pooled, concentrated by dialysis against buffer A adjusted to 0.1 M NaCl, 50% glycerol and stored at -20°C. No loss of activity was detected in this preparation after 12 months of storage.
Molecular weight studies
Gel electrophoresis. The standard proteins and the purified endonuclease or the methylase were precipitated with trichloracetic acid in the presence of deoxycholate (8) . The precipitate was washed with 6% trichloracetic acid, then with acetone, and dissolved in 6 mM Tris-HCl buffer, pH 8.0, 1% SDS, 5% mercaptoethanol, 12% glycerol and incubated in a boiling water bath for 5 min. Protein electrophoresis was carried out in 7.5% polyacrylamide gel in the presence of 1% sodium dodecyl sulphate (SDS) according to the method of Laemmli (9) . Protein bands were visualized by staining with 0.1% Coomassie brilliant blue R-250. Ovalbumin (45,000 Da), bovine serum albumin (66,200 Da), phosphorylase B (92,500 Da) and /3-galactosidase (116,250 Da) were used as standard molecular weight markers.
Gel filtration. Size-exclusion chromatography on a Sephadex G-200 column (1x75 cm) in 10 mM K-PO 4 buffer, pH 7.4, 1 mM EDTA, 7 mM 2-mercaptoethanol, 10% glycerol was used to determine the molecular weight of the purified restriction endonuclease. Two concentrations of NaCl (0.05 M and 0.5 M) in the above buffer were used in separate experiments. Chymotrypsinogen (25,000 Da), ovalbumin (45,000 Da), bovine serum albumin (67,000 Da) and aldolase (160,000 Da) were used as standard molecular weight markers.
Protein determination. Protein concentration was estimated according to Bensadon and Weinstein (8) with bovine serum albumin as the standard.
Determination of the methylation specificity
The modification specificity was determined using two oligodeoxynucleotides (13-mer and 16-mer) which form a duplex DNA fragment containing the substrate sequence (underlined) for the EcoSll enzymes:
The oligonucleotides were synthesized by the phosphoramidite method.
The following optimized reaction buffer was used for the methylation reaction catalyzed by M.£co57I: 10 mM Tris-HCl, pH 7.5, 25 mM NaCl, 5 mM MgCl 2 and 10 mM 2-mercaptoethanol. The incubation buffer for R.£co57I contained no MgCl 2 and had a higher concentration of NaCl (50 mM). The methylated synthetic substrate was enzymatically hydrolyzed to deoxynucleotides (10) , and the nature of the modified products was determined by HPLC analysis (6) using three methylated deoxynucleosides (m To determine the position of the modified base in the upper strand of the recognition site (see above) oligonucleotide 1 was 32 P-labeled at its 5'-end, mixed and annealed with the oligo (2), followed by incubation with M.£co57I or R.EcoSll in the presence of [ 3 H-methyl]-AdoMet. After chromatography on a Sephadex G50 column the DNA was subjected to partial hydrolysis with snake venom phosphodiesterase and the resulting products were analysed by two-dimensional electrophoresishomochromatography. The details of the 5'-32 P-end labeling, enzymatic hydrolysis, analysis of the resulting products and materials used have been previously described (6, 12) .
In order to determine methylation in each strand, both oligodeoxynucleotides were P-radioactive bands were localized by autoradiography, excised and repeatedly extracted into 0.3 M Na-acetate, pH 5 (total volume lml). 0.1 ml aliquots were counted for 3 H and 32 P radioactivity in 5ml of scintillation fluid. In experiments with plasmid DNA 4 /tg of pACYC177 was incubated with 10 modification units of R.£co57I in methylation buffer for 3 h at 37 °C. The reaction was terminated by heating at 80°C for 3 min and the DNA was separated from radioactive AdoMet by chromatography on a Sephadex G50 column. The DNA was then precipitated with ethanol, redissolved in 40 pA of 33 mM Tris-acetate, pH 7.9, 10 mM Mg-acetate, 66 mM Kacetate, 0.5 mM dithiothreitol and cleaved with R./4/H44I. The linearized DNA was ethanol-precipitated, dissolved in 40 /tl of 10 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , 1 mM dithiothreitol and 20 U of the Exonuclease IQ were added to the reaction mixture. Following incubation at 37°C for 10 min, the reaction was terminated by heating at 80°C for 3 min and the mononucleotides were separated from the DNA by gel filtration on a Sephadex G50 column (0.5 x 25 cm) equilibrated with TEAB buffer. The corresponding fractions were lyophilyzed, redissolved in 0.3 ml H 2 O and counted for 3 H-radioactivity.
RESULTS
During chromatography of a crude extract of E.coli (p£co57RM6.3) on a DE52-cellulose column two partially overlapping peaks of methylase activity were observed (eluted at 0.07 -0.1 M NaCl and 0.11 -0.15 M NaCl, correspondingly). The first one coincided with the peak of the endonuclease activity. During phosphocellulose chromatography the endonuclease was eluted at approximately 0.32-0.4 M NaCl and again these fractions were active in the modification assay. This coincidence was observed during all steps of the purification (not shown). All attempts to separate endonuclease and methylase activities by variation of elution conditions or by the use of different sorbents were unsuccessful. The methylase activity was also present in homogeneous preparations of the endonuclease (Fig. 1) . Phosphocellulose and Blue sepharose were used for purification of both the endonuclease and methylase proteins. The methylase activity associated with the endonuclease and that of the separate methylase protein showed great differences in their binding to these sorbents. The methylase activity associated with the endonuclease eluted at about 0.32-0.4 M NaCl from phosphocellulose and at 0.3-0.38 M NaCl from Blue Sepharose. The individual methylase eluted at about 0.56-0.62 M NaCl and at 0.73-0.82 M from the corresponding sorbents. The purification resulted in homogeneous preparations of the restriction endonuclease and methylase ( Fig.2) with the yield of 55 uglg and 18 /ig/g of wet packed cells, correspondingly.
Subunit structure and molecular weight
The molecular weight of the EcoSll restriction endonuclease and methylase and the homogeneity of the preparations was determined by SDS-polyacrylamide gel electrophoresis. A single protein-staining band was observed in both cases (Fig.2) . The apparent molecular weight under denaturating conditions was found to be 108,000 Da for the endonuclease and 63,000 Da for the methylase (Fig.3A) . The molecular weight of the endonuclease protein as estimated by gel filtration in buffers of different NaCl concentrations (0.05 or 0.5 M) is 104,000 Da ( Fig.3B) . All attempts to determine the molecular weight of the native methylase protein by size-exclusion chromatography were unsuccessful. M.£co57I eluted late from all chromatographic media used in the experiments, Sephadex G200, Superose 12 or Ultra Pack TSK G4000 SW, (not shown) leading to inconsistent estimates of M r (10-40 kDa). The increased retention was not eliminated by variation of the ionic strength of the elution buffers.
Enzymatic properties
Using homogeneous preparations, the influence of different factors (pH, ionic strength, cofactors and metal ions) on the activity of the Eco51\ restriction and modification enzymes was investigated in more detail (data not shown). The results of these experiments which reexamine and complete preliminary data (2, 3) are summarized in Table 1 . Comparison of the infuence of such factors as the pH, ionic strength and Ca 2+ on the modification activity of M.£co57I and R.£co57I are especially noteworthy. The effects of these factors on the endonucleolytic activity of R.£co57I were also investigated. The enzyme shows an absolute requirement for Mg 2+ and is stimulated by AdoMet at concentrations from 2-300 mM. We found that the cleavage of the substrate (lambda DNA) by R.£co57I is never complete. Maximal extent of cleavage is observed at pH 9.0; the specific activity (amount of the enzyme sufficient to produce the same cleavage pattern) was independent of pH in the range from 7.5 to 9.0. (2) CTGAAG (1) GACTTC (2) radioactivity ( The influence of ATP on the enzymatic activities of both the endonuclease and the modification methylase was also investigated (data not shown). No effect on the modification activities of both enzymes was observed at concentrations up to 500 iiM. ATP also did not effect the endonucleolytic activity of R.£co57I at concentrations up to 2 mM.
Methylation specificity
In order to characterize the enzyme specificity, the nature of the modified base, its position in the recognition sequence and the methylation in different strands were investigated.
The nature of the modified products that resulted after treatment of the synthetic substrate (see METHODS) with M.£co57I or R.£co57I in the presence of Table 2 show that the tritium label is present solely in peaks corresponding to the m 6 dAdo standard. This indicates that both enzymes modify an adenine residue yielding N6-methyladenine.
To determine the capacity of M.£co57I and R.EcoSll to modify different strands of the substrate, the 5'-32 P-labeled oligodeoxynucleotide duplex was treated with the corresponding enzyme under methylation conditions. The two strands were separated by polyacrylamide gel electrophoresis under denaturing conditions and their 3 H-and 32 P-radioactivity was evaluated. From the data presented in Table 3 it may be concluded that M.£co57I modifies both strands of the duplex, while R.£co57I only one strand, that containing the 5'CTGAAG sequence.
As can be seen in Table 3 in the case of M.£co57I the strands are methylated to different levels of saturation. A modification ratio of 1:1 was obtained after another portion of the enzyme was added and the reaction was allowed to proceed for an additional 3 h (data not shown). This effect demonstrates different methylation kinetics of the strands by M.£co57I and indicates inactivation of the enzyme during incubation.
An absolute strand specificity was observed for the methylation activity of the R.£co57I (Table 3 ) independent of enzyme concentration and the length of incubation (data not shown). The comparatively short oligodeoxynucleotide used as a substrate might account for the observed effect. To examine this possibility the plasmid pACYC177 DNA was used as a substrate. This DNA contains one site for R.£co57I, which is separated by 15 nucleotides from the unique ^/w44I site. After methylation with R.£co57I the DNA was cleaved with AlwAl and the resulting Table 6 . Position of the base in the 5'CTGAAG sequence methylated by M.£co57I * the nucleotide sequence of the recognition site in DNa strand degraded to mononucleotides by Exonuclease m. *• the nucleotide sequence of the recognition site that is left intact after Exonuclease in digestion. 
DISCUSSION
Our data suggest that the methylase activity of the Eco51l restriction endonuclease is an intrinsic property of the enzyme, i.e. a single polypeptide of about 104-108 kDa is responsible for both endonucleolytic and methylating activities. Additional data supporting this conclusion were obtained after the nucleotide sequence encoding R.£co57I has been determined and its amino acid sequence was deduced (7). It was found that the Eco51\ restriction endonuclease contains two conserved amino acid sequence motifs common to all m 6 A and m 4 C modification methylases (13) .
The analysis has shown that both the endonuclease and methylase modify identical nucleotide sequences and yield N6-methyladenine. The enzymes differ in their strand specificity such that M.£co57I modifies both strands, while R.£co57I only acts upon the strand containing the 5'CTGAAG sequence. The outer A residue is methylated by both methylases in this sequence and the unique A residue in the complementary strand is modified by M.£co57I yielding 3'Gm 6 ACTTC. Differences were also found in the influence of pH, ionic strength and Ca 2+ on the enzymatic properties of both methylases.
The subunit structure and enzymatic properties of the Eco51\ enzymes distinguish them from all other restriction-modification enzymes described previously, especially the type I enzymes (1). The properties of the type II, type III and those of the £co57I enzymes are compared in Table 7 . Some properties of R.£co57I, such as stimulation by AdoMet, its failure to produce a band pattern of complete digestion and methylation of a single strand of the substrate make this enzyme similar to type III enzymes (1) . However, the following properties of R.£co57I make it different from type HI restriction endonucleases: 1) no ATP requirement in the cleavage reaction and no stimulation by ATP in DNA methylation catalysis and 2) the presence of both the endonucleolytic and the methylation activities in a single polypeptide chain instead of a two subunit assembly. ATP as an allosteric effector plays a crucial role in the cleavage reaction catalyzed by the type HI enzymes (1). Therefore, both the structure (simple versus complex protein) and the cofactor (ATP) requirement are different for the R.£co57I and type HI enzymes.
Although, similarly to the type II enzymes, the Eco51\ restriction-modification system is composed of two functionally separate enzymes, there are many differences here too. In contrast (15) . &/5O3I methylase shows 50% inactivation at 5 mM Mg 2+ (16) , while no effect of Mg 2+ upon the activities of M.Bspl and M.£coRII has been found (17, 18) . Therefore, it may be concluded that M.£co57I is also different from the methylases of the type II and type HI restrictionmodification systems. Based on the results of previous preliminary experiments we regarded EcoSll as a representative of a novel type RM system, and therefore have proposed that it should be classified as type IV (3) . The data presented in this communication provide additional evidence, in support of this conclusion.
